The Clarke-Carbon colony bank containing ColE 1-Escherichia coli hybrid plasmids was screened by conjugation for complementation of the citrate synthase lesion of a gltA mutant. Three ColEl-gZtA+ plasmids were identified: pLC26-17 (16.3 kilobase pairs), pLC27-18 (16.35 kb) and pLC31-28 (26.0 kb). The citrate synthase activities of strains containing the hybrid plasmids were amplified 3-to 10-fold. Genetic studies indicated that the smaller plasmids may contain at least part of the succinate dehydrogenase gene (sdh). A physical map of a 19.4 kb region of the E. coli chromosome containing the citrate synthase gene (gltA) was constructed by restriction analysis with the isolated plasmids. The relative positions of 20 restriction sites were defined and a region (3.1 kb) containing the gltA+ gene was identified in the segment common to all three plasmids.
The Clarke-Carbon colony bank containing ColE 1-Escherichia coli hybrid plasmids was screened by conjugation for complementation of the citrate synthase lesion of a gltA mutant. Three ColEl-gZtA+ plasmids were identified: pLC26-17 (16.3 kilobase pairs), pLC27-18 (16.35 kb) and pLC31-28 (26.0 kb). The citrate synthase activities of strains containing the hybrid plasmids were amplified 3-to 10-fold. Genetic studies indicated that the smaller plasmids may contain at least part of the succinate dehydrogenase gene (sdh). A physical map of a 19.4 kb region of the E. coli chromosome containing the citrate synthase gene (gltA) was constructed by restriction analysis with the isolated plasmids. The relative positions of 20 restriction sites were defined and a region (3.1 kb) containing the gltA+ gene was identified in the segment common to all three plasmids.
I N T R O D U C T I O N
Citrate synthase (EC 4.1.3.7) is the first enzyme of the tricarboxylic acid cycle and it catalyses the condensation between acetyl-CoA and oxaloacetate to form citrate. Mutants of Escherichia coli deficient in citrate synthase (gftA mutants) have been isolated (Gilvarg & Davis, 1956; Ashworth et al., 1965) . They are unable to grow on glucose minimal medium unless provided with a nutritional supplement of L-glutamate or L-proline (which is catabolized to L-glutamate). This indicates that growth on glucose can be supported by energy from glycolysis if the biosynthetic functions of the tricarboxylic acid cycle, particularly L-glutamate biosynthesis, are replaced by nutritional supplementation. The gltA mutants are also characterized by their inability to use acetate as sole carbon and energy source, because citrate synthase performs essential functions in both energy generation (tricarboxylic acid cycle) and carbon assimilation (glyoxylate cycle) with this substrate. The citrate synthase structural gene (gltA) is located at 16.2 min in the E. cofi linkage map close to the three other genes, sdh (succinate dehydrogenase), SUCA (2-oxoglutarate dehydrogenase) and sucB (dihydrolipoamide succinyltransferase), specifying enzymes of the tricarboxylic acid cycle (Ashworth et al., 1965; Creaghan & Guest, 1972; Bachmann & Low, 1980) . The gltA mutants are genetically and biochemically distinct from another group of mutants (icd) that have a similar nutritional phenotype but lack isocitrate dehydrogenase (Lakshmi & Helling, 1976) .
During the course of studies aimed at cloning the sdh and suc genes, the colony bank of Clarke & Carbon (1976) containing ColEl-E. cofi hybrid plasmids representing the entire E. coli genome was screened by conjugation for complementation of the citrate synthase lesion. This paper reports the identification and the biochemical and physical characterization of three hybrid plasmids that contain and express the citrate synthase gene.
M E T H O D S
Bacteria. The citrate synthase mutant W620 (thi-1 pyrD36 gltA6 galK30 rpsLl29) was originally obtained from Dr E. L. Wollman (Reissig & Wollman, 1963) and strain W 1485E (supE iclR) was used as a prototrophic control. Strains possessing sdh (JRG660; sdh-18 gal trpA trpR iclR rpsL) and sucA (JRG47; sucAl galproA J. R. G U E S T purB his thi rpsL) mutations were also used; their derivations have been described previously (Creaghan & Guest, 1977 with and without adenine, was also used for selective purposes. Media were solidified with agar (Difco Bacto) at 15 g I-'.
Conjugation. The Clarke-Carbon colony bank (about 2 100 clones) was screened for F+-mediated conjugation and complementation of a citrate synthase mutation by first replicating the clones to L agar and incubating at 37 "C for 3 to 4 h. The donor patches were then replicated on to plates of selective glucose minimal medium containing streptomycin that had been spread with approximately lo8 recipient bacteria from an exponential phase culture of W620 grown in LG broth. The combined presence of F+ and ColEl-g[tA+ activity was detected as confluent patches of growth after 2 d. The active clones were streaked to single colonies and retested from individual patches in the same manner. The active clones were also conjugated with sdh and suc mutants using appropriate streptomycin-containing selective media (succinate and peptone media for sdh mutants, and glucose, acetate and peptone media for suc mutants).
Enzymology. Cultures for enzymology were grown for relatively few generations from large inocula to limit the loss of the hybrid plasmids. Strain JA200 and its derivatives were grown aerobically in L broth (200 ml) for 4 h at 37 OC using inocula (10 ml) prepared from active donor colonies that had been grown for 16 h in L broth containing colicin E 1. Cultures of the other strains were grown for 16 h in glucose minimal medium starting with inocula of mixed gltA + colonies obtained by streaking the exconjugant patches on plates of the same selective medium. The cultures were harvested in early stationary phase and ultrasonic extracts were prepared and assayed for protein according to the methods of Creaghan & Guest (1977) .
Citrate synthase (EC 4. 1 .3.7) was assayed spectrophotometrically at 4 12 nm using 5,5'-dithiobis(2-nitrobenzoate) to measure the appearance of free SH groups released from acetyl-CoA by the method of Srere ( 1969) . Succinate oxidation was assayed spectrophotometrically with 2.6-dichlorophenolindophenol as the ultimate electron acceptor by a modification of the method of Spencer & Guest (1973) in which N-methylphenazonium methosulphate was replaced by an equal weight of N-ethylphenazonium ethosulphate. The oxidation of succinate is catalysed by succinate dehydrogenase and fumarate reductase (both EC 1 . 3 . 9 9 . 1) but synthesis of the latter is repressed during aerobic growth.
Plasmid isolation and restriction analysis. Hybrid plasmid DNA was isolated from cultures (250 ml) grown in L broth plus glucose (I%, w/v) after amplification with chloramphenicol (1 50 yg ml-') by the cleared lysate procedure of Clarke & Carbon (1976) . The supercoiled plasmid DNA was purified by banding to equilibrium in an ethidium bromide-CsC1 density gradient. Ethidium bromide was removed from plasmids by extraction with isopropanol and the DNA was dialysed against Tris/HCl (10 mM: pH 8-0) plus EDTA (1 mM).
The methods of restriction endonuclease digestion of DNA and for analysis of the products by electrophoresis in horizontal agarose gels (1 %, w/v) have been described previously (Cole & Guest. 1980) . The enzymes were used according to the manufacturers' instructions and the reactions were stopped by heating to 70 OC for 10 min followed by rapid cooling. Digests of lambda (AcZ857) 
R E S U L T S
IdentiJication of ColEI -gltA -+ hybrid plasmids Citrate synthase mutants (gltA) require glutamate for growth on glucose minimal media. Clones of the Clarke-Carbon colony bank containing ColE 1-gltA+ hybrid plasmids were identified by their ability to complement the gltA6 lesion of recipient strain W620 after F+-mediated conjugation using appropriately supplemented selective medium containing glucose but no glutamate. The donors were counterselected with streptomycin and by omission of the corresponding growth factors. Complementation was observed with strains containing plasmids pLC26-17, pLC27-18 and pLC3 1-28. The products not only grew in the absence of the glutamate supplement, but they also grew with acetate as sole carbon and energy source indicating that functional tricarboxylic acid and glyoxylate cycles had been restored. They were also immune to colicin E l . The rates and extents of growth of most of the exconjugants were similar to those of wild-type strains when grown with glucose or acetate as substrate. Exceptions were the exconjugants containing pLC3 1-28, which grew relatively slowly for unknown reasons. The active clones were tested for their ability to complement sdh and SUCA lesions by analogous conjugation experiments with appropriate recipients. Conjugants were selected with succinate minimal medium and peptone medium (sdh+) or glucose and acetate minimal media and peptone medium (SUCA +) and using streptomycin to counterselect the donors. Positive results were obtained in the sdh+ selections with pLC26-17 and pLC27-18 donors but not pLC3 1-28. The frequency of sdh+ production was lower than observed in comparable gltA+ selections. No sucA+ exconjugants were found with any of the donors.
Enzyme activities of plasmid-containing strains
The specific activities of citrate synthase were assayed in ultrasonic extracts of the original plasmid-containing bacteria after growth in nutrient broth (Table 1) . Relatively large inocula of organisms grown in the presence of colicin E l were used in order t o limit segregation of the hybrid plasmids. The citrate synthase activities were amplified 3-to 5-fold compared to the plasmid-free strain. The enzyme activities of exconjugant derivatives of the gZtA6 mutant (W620) were also analysed and compared to W 1485E, a typical gltA+ strain (Table 1) . Here the organisms were grown on glucose minimal medium to maintain the selection for potential ColE 1-gltA + plasmids. The results confirmed that all three plasmids contain functional citrate synthase genes and their expression leads to enzyme amplifications of approximately 4-to 1 O-fold. No significant amplification of succinate dehydrogenase activity could be detected in any of the original plasmid-containing bacteria after growth on nutrient broth.
Physical maps of the ColEl-gltA+ hybrid plasmids
Plasmid DNA was isolated from the three ColE l-glfA+-containing strains and their sizes were estimated by agarose gel electrophoresis as approximately 16 kb (pLC26-17), 16 kb (pLC27-18) and 26 kb (pLC31-28). Physical maps of the plasmids were constructed by Table 2 and are drawn to scale. The ColEI DNA (6.3 kb) is indicated by the hatched regions and segments (0-15 kb) corresponding to the poly(dT. dA) tails (@I are included at the junctions between vector and bacterial DNA. Sizes are shown for the bacterial DNA fragments that are generated by single restriction endonuclease digestion. The physical map of the gltA+ region of the bacterial chromosome, indicating the position of the gltA+ gene, is shown beneath the plasmid maps together with a scale (one division corresponding to 1.0 kilobase pairs). The coordinates of individual restriction targets relative to the AvaI/XhoI target at the left-hand side (Av,/Xh,) are summarized in the text. The abbreviations for the restriction targets are: Av, AvaI; Ba, BamHI; Bg, BgAI; RI, EcoRI; H3, HindIII; Kp, KpnI; Ps, PstI; Sa, SalI; St, SstI; Xh, XhoI.
analysing the fragments obtained by single, double and triple digestion with different combinations of 1 1 restriction endonucleases. Plasmids pLC27-18 and pLC3 1-28 were examined in detail because preliminary studies indicated that the two smaller plasmids were almost identical. The sizes of the restriction fragments are listed in Table 2 and maps summarizing these data are shown in Fig. 1 . Fragments smaller than 0.5 kb were rarely visible and the sizes of fragments greater than 10 kb could not be estimated with the same precision as smaller fragments due to the nature of the calibration used. Nevertheless, the relative positions of all the restriction targets were readily defined and an unambiguous order was established. There was also good agreement between the aggregate sizes of the fragments obtained in different digests. The sizes of several very small and undetected fragments could be deduced and these are included in the aggregates presented in Table 2 .
The regions corresponding to the ColE1 DNA were readily identified by the cluster of PstI and SmaI (AuaI) restriction targets. The detailed ordering of these targets involves several very small fragments and is based on the results of Grundstrom et al. (1980) . It is also assumed that the size of ColE1 DNA is 6.3 kb and that the cloning site (originally an EcoRI target) is 0.1 kb from the closest PstI target (Fig. 1) . In addition, two segments (each 0.15 kb) corresponding to the poly(dT. dA) tails have been included at the junctions between the vector and bacterial DNAs.
Plasmid pLC26-17 was estimated as 16-3 kb (average) and contained single targets for each of the restriction enzymes XhoI, HindIII, SstI, SalI, EcoRI, BamHI and SmaI, two for the endonuclease BgZII, three for KpnI and four for AvaI and PstI (Fig. 1) . The overall size of the segment of cloned bacterial DNA was estimated as 9.6 kb with most of it (8.8 kb) flanked by two AvaI sites, Av,/Xh, and Av, as depicted in Fig. 1 . The results suggest that the unique 
J . R. G U E S T
XhoI target (Av,/Xh,) is extremely close to the junction with the ColEl DNA. The AuaI fragment (1 -47 kb) linking the ColE 1 and bacterial DNAs was unusual in producing a diffuse band. This could be due to denaturation of a large poly(dT.dA) tail region in this plasmid because it was not observed with either of the corresponding fragments, 1.96 kb and 1.42 kb, derived from pLC3 1-28 and pLC27-18, respectively. Plasmid pLC31-28 was larger than pLC26-17 and its size was estimated as 26.0 kb (average). It contained all the restriction targets present in pLC26-17 plus one extra site for PstI and BamHI and two additional sites for the AvaI and BglII restriction endonucleases (Fig. 1) . The segment of cloned E. coli D N A was estimated as 19.4 kb with 14.6 kb situated between the most distant targets, Av,/Xh, and Bg, as shown in Fig. 1 .
Plasmid pLC27-18 was very similar to pLC26-17. Digestions aimed at assessing the sizes of the fragments overlapping the ColE1 and E. coli D N A of the two plasmids indicated that the segment cloned in pLC27-18 is 0 -0 5 kb shorter at one end (near Av,/Xh,) and about 0.1 kb longer at the other end (near Av,). Thus it was concluded that pLC27-18 is distinct from pLC26-17 although it contains almost the same segment of E. cofi DNA.
A physical map of the 19.4 kb region of the E . coli chromosome cloned in the ColEl-gltA+ hybrid plasmids is shown in Fig. 1 . The positions of 20 restriction sites are included and their coordinates (kb) relative to the AuaI (XhoI) site denoted Av,/Xh,, are: Kp,, 2.07; H3, , 2.30; Av, , 2.58; Ba, , 2.90; St, , 3.12; Kp, , Bg, , Sa, , 5.04; RI, , 5.35; Kp, , 5.78; Ps, , [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] Bg, , Av, , 8.88; Bg, , 10.8; Ba, , 11.2; Av, , Av5, [13] [14] [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] Ps, , 13.74 and Bg, , .
D I S C U S S I O N
Three ColE 1-E. cofi hybrid plasmids were designated ColE 1-gltA+ by their ability to complement the nutritional lesions of a citrate synthase mutant (W620, gZtA6). The amplification of citrate synthase in both parental (iiomogenotic) and derivative (heterogenotic) strains confirmed that they contain and express a wild-type citrate synthase gene. The presence of the plasmids resulted in 3-to 10-fold increases in citrate synthase activity. Similar amplifications have been observed for strains containing ColE 1 hybrid plasmids carrying genes for glycolysis and the hexose monophosphate shunt (Thompson et al., 1979) . The genetic studies suggested that two of the plasmids, pLC26-17 and pLC27-18 (but not pLC31-28) may contain at least part of the succinate dehydrogenase gene (sdh). However, no amplification of succinate dehydrogenase activity was detected. This could mean that expression of the sdh+ gene is strictly regulated so that any effects of gene dosage are masked. Alternatively, these plasmids may contain only part of the sdh+ gene and the formation of sdh+ exconjugants involves recombination rather than complementation.
The sizes of the segments of bacterial D N A cloned in the plasmids were estimated by restriction analysis as 9.6 kb (pLC26-17), 9.65 kb (pLC27-18) and 19.4 kb (pLC31-28). All three plasmids possessed a common region of approximately 9.5 kb and it is concluded that the gltA+ gene is located in this segment. The segment cloned in the large plasmid (pLC3 1-28) overlapped those of the smaller plasmids at both ends, although most (9.3 kb) of the extra bacterial D N A was situated to one side of the common region. It is known that the sdh and suc genes are close and anticlockwise to the gftA gene and phage P1 cotransduction frequencies for gltA-sdh (97 %) and gltA-sucA (90 %) correspond to intergenic distances of 1.0 kb and 3 -5 kb, respectively (Herbert & Guest, 1970; Creaghan & Guest, 1972) . This close proximity of the sdh and sucA genes to gftA means that they should either be contained within the large segment of extra D N A present in pLC31-28, or located at or near the opposite extremity of the cloned DNA, to the left of the restriction map as illustrated in Fig.  1 . The genetic evidence suggests that the sdh and sucA genes are not cloned in pLC3 1-28 and it could therefore be concluded that they are located to the left of the restriction map. This is consistent with the observation that pLC26-17 and pLC27-18 generate sdh+ exconjugants.
Cloning of the citrate synthase gene of E. coli 23 Unfortunately, the larger plasmid (pLC3 1-28), which overlaps both smaller plasmids at the left-hand side, was inactive in this respect. The reason for this anomaly is not clear but it may be relevant that derivatives containing pLC3 1-28 grew relatively slowly suggesting that its presence may result in a lethal metabolic imbalance in the sdh mutants. Alternatively, the formation of sdh+ products by the smaller plasmids may stem from fusions between parts of the sdh and colicin E l genes in a manner which is disrupted by the presence of the extra DNA in the larger plasmid.
Recent attempts to define the precise location of the gltA+ gene and the orientation of the E. coli DNA by sub-cloning (in lambda vectors) the fragment (3-1 kb) released in HindIII and EcoRI double digests, have indicated that this fragment contains the gltA+ gene, because LgltA+ transducing phages are formed (M. E, Spencer & J. R. Guest, unpublished observations) . Furthermore, by prophage integration into the bacterial gZtA region and aberrant excision, the sub-cloned fragment has been extended (clockwise in the E. coli linkage map, leftwards in Fig. 1 ) to generate transducing phages (LgltA-sucB) carrying the gltA+, sdh+, sucA+ and SUCB+ genes.
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